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A 2D photonic crystal surface with a different period in each lateral direction is demonstrated to detect
biomolecules using two distinct sensing modalities. The sensing mechanisms both rely on the generation
of a resonant reflection peak at one of two specific wavelengths, depending on the polarization of light that
is incident on the photonic crystal. One polarization results in a resonant reflection peak in the visible
spectrum to coincide with the excitation wavelength of a fluorophore, while the orthogonal polarization
results in a resonant reflection peak at an infrared wavelength which is used for label-free detection of
adsorbed biomolecules. The photonic crystal resonance for fluorescence excitation causes enhanced near
fields at the structure surface, resulting in increased signal from fluorophores within 100 nm of the device
surface. Label-free detection is performed by illuminating the photonic crystal with white light and
monitoring shifts in the peak reflected wavelength of the infrared resonance with a high-resolution
imaging detection instrument. Rigorous coupled-wave analysis was used to determine optimal dimensions for the photonic crystal structure, and devices were fabricated using a polymer-based nanoreplica
molding approach. Fluorescence-based and label-free detection were demonstrated using arrays of spots
of dye-conjugated streptavidin. Quantification of the fluorescent signal showed that the fluorescence
output from protein spots on the photonic crystal was increased by up to a factor of 35, and deposited spots
were also imaged in the label-free detection mode. © 2007 Optical Society of America
OCIS codes: 170.2520, 230.1950.

1. Introduction

Detection through the use of fluorescent labels has
been one of the most widespread methods for quantifying and visualizing biomolecules for the past 25
years, and has been applied to innumerable assay
protocols. In many of these protocols an instrument
such as a fluorescence microscope or a fluorescence
laser scanner is used to provide excitation of the fluorophore and detection of the emission of a labeled
analyte on a solid surface, such as a glass microscope
slide. High resolution imaging of cells and high
throughput and large-area affinity microarray assays
for DNA or proteins are among the applications for
detection of fluorescent labels.1,2
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strated by substitution of the passive glass surface
with a specially designed optical resonator surface.3,4
A submicrometer periodic structure is designed to
enhance near fields during illumination that are
strongly confined within the device at a wavelength
that coincides with the excitation wavelength of the
fluorophore, resulting in enhanced fluorescence (EF).
Through the design of these devices that strictly limit
the lateral propagation of coupled light, sensitivity
enhancements of 2 orders of magnitude have been
achieved relative to common epifluorescence that allows the imaging of DNA microarrays at high resolution. One important application of EF is in the field
of gene expression analysis, where the enhanced
sensitivity permits the detection of genes at lower
concentrations than were previously possible.
Since the introduction of surface plasmon resonance (SPR), label-free (LF) optical detection of biomolecules has also found widespread acceptance in
life science research.5–7 Optical biosensors measure
the adsorption of biomolecules to a transducer surface directly through the dielectric permittivity of the
analyte, and thus are useful for detection of molecules that cannot be labeled effectively without altering their function. While optical biosensors generally
have lower sensitivity performance than fluorescence
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detection, they are typically capable of ⬍5 pg兾mm2
mass density resolution, corresponding to approximately 50 protein molecules of 50 kDa molecular
weight within a 1 m ⫻ 1 m area.8 While many
optical biosensor transducers have been demonstrated, only a few are capable of gathering highresolution images of biomolecular density, and fewer
still are capable of imaging over substantial surface
areas. Of these, only photonic crystal (PC) optical biosensors and associated imaging detection instruments
have demonstrated ⬍1 pg兾mm2 mass resolution with
⬍10 m ⫻ 10 m pixel resolution over surface areas
that encompass entire microplates or microarray
slides.9
Like submicrometer periodic structured EF devices, PC biosensors utilize a subwavelength periodic
dielectric surface structure that results in strong resonant reflection at a narrow band of wavelengths.
LF detection is achieved by illuminating the PC
structure with a white-light source and detecting the
narrow band of reflected wavelengths with a spectrometer. Biomolecule adsorption on the PC surface
results in a shift of the peak wavelength value (PWV),
which is the wavelength at the point of maximum
reflection, to longer wavelengths on a pixel-by-pixel
basis with a detection instrument that incorporates
an imaging spectrometer.10 Although the PC biosensor structure requires fabrication of features with
dimensions ⬍0.5 m, it can be fabricated inexpensively over large surface areas with plastic-based materials through a nanoreplica molding process. The
proper operation of both periodic EF structures and
PC biosensor structures requires a periodic surface
structure consisting of a low refractive index material
(such as glass or plastic) that is coated with a thin
layer of high refractive index material (such as Si3N4,
TiO2, or Ta2O5).
The ability to combine EF images with LF adsorption detection on a single PC would offer enormous
benefits for a wide range of assays that are commonly
performed. For example, the measurement of immobilized DNA microarray spots for spot density and
spatial uniformity could be performed in a LF mode
as a means for performing calibration and quality
control during the detection of fluorescent-labeled
DNA. The LF detection mode may also be used for
detection of surface chemistry adsorption, blocking
reagents, and small molecules that are not typically
labeled by fluorophores, and for integrated secondary
verification of tagged molecules by an independent
modality.
In this work we demonstrate the combination of EF
and LF PC biodetection on a surface that integrates
both functions. The surface is a 2D PC that is designed with different periods along orthogonal directions, so the resonant coupling of two independent
wavelengths can be achieved for separate electric
field polarizations of incident light. The EF resonant
coupling is designed to coincide with the 635 nm excitation wavelength of the fluorophore Cyanine-5
(Cy5), while the LF resonant coupling is designed to
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occur at 850 nm. This paper will describe the computational modeling that is used to design the 2D
PC–EF structure, the fabrication of the structure
through construction of a silicon mold template and
nanoreplica molding into plastic, the characterization of the resonance performance of the structure,
and the detection demonstration of Cy5-labeled
streptavidin microarray spots by the EF and LF biosensor methods. The EF mode demonstrates approximately 35⫻ higher fluorescence output compared
with array spots that are not deposited on the structure using a conventional microarray laser scanner.
2. Device Design

Guided-mode resonance filters (GMRFs) are a recently
developed class of PC structures with the capability for
resonant coupling of a particular wavelength with approximately 100% reflection efficiency while allowing
other wavelengths to transmit through the structure.11,12 At the resonant wavelength, light is coupled
to leaky modes that constructively interfere with the
backward zeroth diffracted order and destructively interfere with the forward zeroth diffracted order. Energy is localized in this interaction, and a high electric
field magnitude is generated within the dielectric layer
and extends to the device surface.13,14 Several types of
GMRF structures have been demonstrated, including
1D and 2D periodic surface structures for applications
including narrowband optical filters15,16 and LF optical
biosensors.10 Such structures are advantageous for
their narrowband resonant behavior and simple fabrication using only a single dielectric thin film. Although
subwavelength features are required, nanoreplica
molding approaches have been used to inexpensively
produce devices over large surface areas with resonances encompassing the near UV to near-infrared
(NIR) wavelengths.17,18 These 1D surface structures
generally exhibit narrowband coupling of normally incident light polarized in either the perpendicular or
parallel to the direction of periodicity, where the period
determines the resonant wavelength. A 2D surface
structure, however, may be designed so that incident
light polarized at orthogonal angles can encounter distinct periods, resulting in resonant reflection at wavelengths that can be chosen independently for each
polarization.
A cross section and top-view schematic of such a
structure is shown in Fig. 1. The device design is
performed in consideration of a fabrication process
utilizing a low refractive index polymer subwavelength periodic surface structure that is overcoated
with a single thin film of high refractive index dielectric 共TiO2兲 as shown in Fig. 1(a). These devices are
commonly referred to as PC slabs, and this nomenclature is used in this paper. The dimensions of the
device are therefore constrained to a single grating
depth (d) and TiO2 thickness (t) for both EF and LF
detection modes. To optimize the grating depth and
TiO2 thickness as well as the periods of the subwavelength structure in two lateral orthogonal directions,
the resonance characteristics were modeled using rigorous coupled-wave analysis (RCWA). The simulation

Fig. 1. Schematic of the optimized photonic crystal biosensor
structure. Directional axes are noted on the bottom left of each
structure. (a) Side view of the structure in the xz plane. The period
in the EF direction, or ⌳EF, is 400 nm. The grating depth (d) is
70 nm, and the thickness of the TiO2 layer (t) is 80 nm. The indices
of refraction for the UV curable polymer and TiO2 layers are 1.43
and 2.35, respectively. (b) Top-down view of the 2D structure. The
electric field polarizations required to excite each mode of operation are noted on the coordinate axis. The periods in each direction
are designated as ⌳EF and ⌳LF. The line widths associated with
each period are noted by LWEF and LWLF.

was performed using eight harmonics in both the x and
y directions. The period in the x direction 共⌳EF兲 and the
period in the y direction 共⌳LF兲 were manipulated in
addition to the grating depth and TiO2 thickness, as
the z direction is assumed to be the propagation
direction of the illuminating light. The structure
was modeled with known refractive indices (n) for
the UV-curable epoxy substrate 共n ⫽ 1.43兲 and sputtered TiO2 (n ⫽ 2.35 at 635 nm). The device is attached to an ordinary glass microscope slide with the
surface exposed to air during fluorescence measurements but with the surface exposed to an aqueous
solution during LF measurement. Therefore for the
design modeling, the background refractive index is
set to n ⫽ 1.0 (air) for simulations at the EF wavelength, while the background refractive index is set to
n ⫽ 1.33 (water) for simulations of LF detection.
Adjusting the resonant peak of one incoming light
polarization to coincide with the excitation wavelength of the desired fluorophore is the foremost design consideration for the fluorescence enhancement
mode of operation. In this case, 635 nm is the operating wavelength of the fluorescence scanner laser to
be used in examining fluorescence from Cy5 bound to
the sensor surface. In addition to tuning the wavelength of the peak, the behavior of the peak in response to changes in the angle of incident light must
be moderated because it is not desirable for small

angular changes in the incident light to drastically
affect the fluorescence enhancement phenomenon.
Thus the width of the resonant peak at the excitation
wavelength must be broad as a function of the angle
of incidence. The LF detection phenomenon also relies on creating a resonant peak reflection, but in the
wavelength range for NIR spectral measurement as
required by the LF detection instrumentation, which
can detect a PC resonance in the 830 –890 nm range.
The LF detection modality relies on quantifying the
PWV shift upon the adsorption of biomolecules to the
sensor surface. The two important design parameters
for sensitivity optimization of LF detection are the
analyte’s bulk refractive index shift coefficient 共Sb ⫽
⌬PWV兾⌬n兲 and the spectral FWHM, or the width
(in nanometers) of the resonant peak when the spectral lines are at half the value of the maximum reflected amplitude. The design must maximize the Sb
to provide a larger signal for binding events and minimize the FWHM such that small changes in the
PWV may be resolved. The design parameters were
then selected to maximize the width of the EF peak
as a function of incident angle and to minimize the
FWHM of the LF peak while maintaining the necessary resonant wavelength values.
The desired sensor structure has ⌳EF ⫽ 400 nm,
⌳LF ⫽ 550 nm, a grating depth d ⫽ 70 nm, and a TiO2
thickness t ⫽ 80 nm. The raised portion of the device
structure in the y direction, or the LF direction line
width (LWLF), measures 300 nm, which is 55% of the
period in that direction (Fig. 1). The differential coverage of TiO2 between higher and lower portions of
the grating and sidewall coverage was taken into
account in determining these values. The resonant
peak from light reflected by the structure is characterized primarily by PWV and FWHM of the zerothorder diffracted wave in the direction of both periods.
When this structure is modeled with the polarization
of the incident wave along the direction of the EF
period [EEF polarization according to Fig. 1(b)], the
reflected spectrum contains a peak with PWV of
635 nm and FWHM of 20 nm [Fig. 2(a)]. By measuring the reflection efficiency as a function of angle of
incidence at an incident wavelength of 635 nm, the
angular tolerance of the reflected peak was determined. This measurement suggests that the EF effect
is observable over a wide range of angles centered at
normal incidence, as the FWHM is approximately 3°
[Fig. 2(b)]. The reflective properties of the device can
be modeled for light in which the electric field component is parallel to the direction of the LF period as
well [ELF polarization according to Fig. 1(b)]. The simulated resonant peak from this illumination has a
PWV at 853 nm and a FWHM of 8 nm [Fig. 2(c)]. For
the ELF polarization, Sb ⫽ 140 nm兾RIU (refractive
index units), indicating that a change of 0.01 RIU in
the refractive index of the bulk solution would result
in a 1.4 nm shift of the PWV. However, for the polarization in the EF direction, Sb ⫽ 42 nm兾RIU, which
suggests that the peak observed during illumination
with EEF polarized light will experience a signifi20 April 2007 兾 Vol. 46, No. 12 兾 APPLIED OPTICS
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Fig. 3. Near-field profiles at a fixed y position (exactly in the
center of the structure) for normally incident light of wavelength
635 nm polarized in the EF direction. The device structure is
drawn into the figure and the layers of UV-curable polymer
(UVCP), titanium dioxide (TiO2), and air are noted. The amplitudes noted on the scale bar represent the combined field amplitude in all directions relative to the incident field amplitude.
(a) Electric field profile. (b) Magnetic field profile.

Fig. 2. Simulated reflection characteristics of device structure.
(a) Reflection efficiency plotted as a function of wavelength for the
polarization of light intended to excite the ER mode of operation
with light at normal incidence. (b) Reflection efficiency plotted as a
function of the variation of incidence angle from the surface normal. The light is polarized for ER excitation at a wavelength of
635 nm. (c) Reflection efficiency as a function of wavelength for the
LF polarization of light.

cantly lower shift during protein adsorption than
would be observed with the ELF peak.
The electric near-field amplitude profile of the device is important in determining the EF performance
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and is plotted in the xz plane (cutting through the
center of the structure) for a normally incident plane
wave of EEF polarization and wavelength 635 nm to
simulate laser illumination (Fig. 3). The near-field
amplitudes of the electric field in the x, y, and z directions are modeled by RCWA for this laser illumination condition and are normalized to the incident
field amplitude (which sets the incident electric field
amplitude in the EF direction to a value of 1). The
amplitudes of electric field components in the x, y,
and z directions are combined into a vector, from
which the magnitude is calculated and plotted in Fig.
3(a). Likewise, the magnitude of the magnetic field
can be calculated and appears in Fig. 3(b). The amplitudes in all three directions are combined because
it is assumed that all components of the electric field
are important to fluorophore excitation since the fluorophores will be randomly oriented on the device
surface. As expected, the large-field amplification val-

ues are confined to within 100 nm of the sensor surface. The electric near-field amplitude profile can
roughly be related to the fluorescence enhancement
factor by calculating the square of the amplitude of
the electric field, which is proportional to the fluorophore excitation rate,19,20 which allows for calculation
of the maximum expected enhancement by evaluating the square of the electric field amplitude at the
surface of the structure. However, it is worth noting
that the small number of harmonics used in the
RCWA simulation (because of computational restrictions) likely gives only an estimate of the actual normalized electric field amplitude, but this estimate is
indeed valuable in comparing the performance of different structures. An observation of Fig. 3(a) shows
that the square of the normalized electric field at the
device surface is approximately 20.

ment and LF sensing were mounted onto standard
microscope slides using an optically clear laminating
adhesive.
B.

Device Characterization

To determine the optical properties of the device, a
reflection setup was used. Glass slides containing
sensors were mounted on a custom holder and placed
in the path of a collimated white-light source. The
normally incident light was directed through a polarizer before reaching the slide holder, and the reflected
spectrum was collected and fed into a spectrometer
(Ocean Optics, Dunedin, Fla., USA). The transmitted
spectrum as a function of angle was collected with a
similar setup, except the device was mounted on an
angular stage to allow rotation about a single axis,
and light was transmitted through the device and
collected.

3. Materials and Methods
C.
A.

Device Fabrication

The fabrication of the device was carried out through
a nanoreplica molding process, as described previously.18 A direct-write electron-beam lithography process was utilized for fabrication of a master mold
template on a silicon wafer. A layout of the desired 2D
grating design was written onto a silicon substrate
with a 200 nm oxide layer and a 950 K molecular
weight poly(methylmethacrylate) (Microchem, Newton, Mass., USA) electron-beam resist masking layer
by electron-beam lithography (Leica兾Cambridge EBMF
10.5, Bannockburn, Ill., USA) over a 1 mm ⫻ 1 mm
area. After electron-beam exposure, the substrate
was developed in a 1:3 methyl isobutyl ketone:isopropyl alcohol solution. The SiO2 layer was etched by a
reactive ion etching in a CHF3 plasma to a depth of
70 nm (Plasmalab Freon兾O2 Reactive Ion Etcher,
Oxford Instruments, Concord, Mass., USA). The remainder of the masking layer was stripped by ultrasonication in a 1:1 methyl alcohol:methylene
chloride solution.
The nanoreplica molding process that follows requires a transfer of the silicon master surface structure to a UV-curable polymer to produce the photonic
crystal structure. The master was treated by immersion in dichlorodimethylsilane (PlusOne Repel Silane
ES, GE Healthcare, Piscataway, N.J., USA) for 5 min
to allow for release of UV-curable polymer after replication. Liquid polymer (Gelest, Inc., Morrisville,
Pa., USA) was dispensed between the master and a
thin sheet of poly(ethylene terepthalate) (PET), and
was cured under a high-intensity ultraviolet lamp
(Xenon) for 30 s. The replicated sensor structure was
then lifted off from the master. Next, 80 nm of TiO2
was deposited onto the sensor by sputtering (Cooke
Dual Gun Sputter System, South Norwalk, Conn.,
USA). To determine the structural dimensions of the
device, gold–palladium was sputtered onto some devices (SPI Au Sputter Coater, West Chester, Pa.,
USA), and these sensors were characterized with a
scanning electron microscope (SEM, Hitachi 4800).
The sensors to be tested for fluorescence enhance-

Arraying

Sensors were functionalized by applying a highdensity amine diluted in deionized water to the surface and incubating at 40 °C for 2 h. A solution of 25%
glutaraldehyde in deionized water was then added to
the sensors and incubated at room temperature for
2 h. Cy5-streptavidin (excitation at 650 nm, emission
at 670 nm) at a concentration of 0.1 mg兾ml was spotted on the sensors using a piezorray noncontact microarraying system (PerkinElmer, Waltham, Mass.,
USA). The dispensed liquid volume was set to 500 pL,
and a square pattern of 36 spots with a 750 m distance between the centers of the spots was generated
by the system. Alignment of the initial spot to the
sensor surface was achieved by manual calibration of
the starting position. After arraying, the slide was
incubated at 4 °C for 24 h.
D.

Fluorescence Scanner

The fluorescence from Cy5-strepavidin on the surface
of the sensor was quantified using an Axon GenePix
4000B microarray scanner. The scanner utilizes a
635 nm laser for excitation and an emission filter for
measurement of light in the 650–690 nm range.
Slides were scanned at a 5 m resolution and a
⫹200 m focal plane because of the height of the PET
layer above the glass slide surface. The photomultiplier tube (PMT) gain was adjusted upward or downward to prevent the signal from exceeding the
maximum allowable PMT value at any pixel in the
scan area.
E.

Label-Free Detection Instrumentation

The sensor was scanned in an imaging instrument
described previously.9 The instrument measures the
PWV across the sensor surface as a function of position in a pixel-by-pixel scan and constructs an image
based on the PWV distribution. For this work, the
imaging instrument was set to scan at a pixel size of
22.3 m ⫻ 22.3 m. Sensors were scanned before
Cy5-streptavidin was arrayed on the surface and after the arraying process was complete. The PWV image obtained before the arraying procedure was
20 April 2007 兾 Vol. 46, No. 12 兾 APPLIED OPTICS
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subtracted from the image after arraying so that the
PWV shift from the adsorption of biomolecules on the
sensor surface could be determined in the format of
an image of the sensor.
4. Results
A.

Device Fabrication

The electron-beam lithography process for creating
the silicon master yielded a 1 mm ⫻ 1 mm area
covered with a negative of the desired grating pattern. The resulting UV-curable polymer mold (without the addition of TiO2) fabricated from this master
has a period of 398 nm in the EF direction and
552 nm in the LF direction. The duty cycle, or ratio of
the raised portion of the period to the total period, is
52% in the EF direction and 49% in the LF direction.
After the addition of the 80 nm layer of TiO2 by sputtering, the period is only slightly altered; the EF direction period is 397 nm and the LF direction period
is 553 nm, with a maximum variation of less than
0.3% for both periods [Fig. 4(a)]. The addition of TiO2,
however, dramatically affects the duty cycle because
of sidewall deposition from the sputtering process.
The duty cycle of the final device becomes 62.0% in
the EF direction and 62.7% in the LF direction, as the

Fig. 4. SEM images of the final device structure. (a) Sensor structure viewed from directly above. The period in the ER direction
(vertical) is 398 nm, and the period in the LF direction (horizontal)
is 553 nm. The ER direction duty cycle is 62%, and the LF direction
duty cycle is 63%. (b) Sensor structure viewed from a 30° angle.
The structure profiles are significantly rounded due to the sputtering process.
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line widths increase by approximately 45 nm in both
directions. This variation is partly accounted for in
the computer model because TiO2 sidewall coverage
of approximately 20 nm on each edge of the post
structure was included in the simulation. One obvious property of the fabricated PC structure that is not
present in the computer model is the rounded profile
of the post structures [Fig. 4(b)], which is caused by a
lack of collimation during TiO2 deposition. This discrepancy may cause some deviation of the observed
sensor performance from that of the simulation characteristics.
B.

Device Characterization

The measured reflection spectrum with air on the PC
surface for light polarized for the EF operation is
shown in Fig. 5(a). The PWV reflected from the device
is 635 nm, and the FWHM is 13 nm. The simulation
predicted the PWV to occur at the same wavelength
and shows a FWHM that is 7 nm wider than the
observed value. The observed reflected spectrum for
light polarized for the LF mode of operation and with
water on the PC surface is shown in Fig. 5(b). A PWV
of 850 nm and a FWHM of approximately 15 nm is
obtained, as compared with the simulated PWV of
852 nm and FWHM of 8 nm [Fig. 5(b)]. By placing
isopropyl alcohol 共n ⫽ 1.38兲 on the sensor surface, the

Fig. 5. Measured spectra after illumination with polarized, collimated white light. (a) Spectrum when illuminated with light polarized in the ER direction (simulation x direction). The resonant
peak is centered at 635 nm with a FWHM of approximately 13 nm.
(b) Spectra when illuminated with light polarized in the LF direction (simulation y direction) with water or isopropyl alcohol (IPA)
as the bulk solutions. The sensor surface is immersed in water and
displays a peak of PWV 850 nm and FWHM of approximately
15 nm under this condition. IPA is then applied to the sensor
surface, resulting in a shift of approximately 4 nm.

mechanism of LF sensing is demonstrated, as the
PWV of the reflected peak shifts to a higher wavelength due to the increase of bulk refractive index.
The measured shift coefficient for the sensor, obtained by dividing the amount of wavelength shift
by the refractive index change, is Sb ⫽ 90 nm兾RIU,
lower than the simulated value of 140 nm兾RIU, indicating the LF sensitivity of the biosensor is 35% less
sensitive than suggested by simulation.
Because the reflection characteristics are sensitive
to the angle of the incident light, small changes in the
incident angle of the light can result in one resonant
peak splitting into two peaks of equal or lesser width.
A further testing of the sensor structure revealed that
the top plane of the replicated sensor surface was not
perfectly parallel to the top plane of the microscope
slide on which it was mounted. By adjusting the angle
of incidence of the illumination light and measuring
the transmitted spectra, this difference in the angle
of normal incidence to the device structure as opposed
to the microscope slide was approximately 0.5° for
both polarizations and was likely caused by a bending
of the plastic since it is stored in large rolls. This
accounts for the reflection spectra for both wavelength ranges showing a secondary peak and for the
smaller FWHM of the EF peak. Indeed, a simulation
of illumination with this oblique incidence condition
does show a split peak reflection is obtained, but the
maximum field enhancement is identical when the
lower of the two peaks occurs at 635 nm. Although
the reflection spectra observed from the device can be
obtained for light at normal incidence to the device
structure, the microarray scanner and the imaging
spectrometer illuminate the structure with light that
is normally incident to the glass slide surface, making
the spectra observed in Fig. 5 a more accurate representation of the resonant peaks excited during measurement with the sensor.
C. Fluorescence Enhancement by Photonic Crystal
Enhanced Fluorescence

The image obtained by scanning the slide-mounted
sensor in a commercial microarray scanner revealed
significant fluorescent enhancement on the sensor
surface. For a device with a resonant peak centered at
635 nm (after surface functionalization), the fluorescence intensity of a spot on the surface of the device
was approximately 56,900 counts, while the average
intensity for spots outside of the device was approximately 1600 counts (Fig. 6). This suggests a fluorescent enhancement factor of 35.6 times for regions in
which the Cy5 dye is present. The fluorescence intensity in regions where no Cy5 is present is amplified as
well, however, because of the enhancement of fluorescence in the UV curable polymer. The average
intensity for those areas of the PC device without
Cy5 is 680 counts, while a background signal of
200 counts is typically seen outside of the device
structure. Despite the considerable increase in background signal exhibited by the photonic crystal, the
signal-to-noise ratio (SNR), or the ratio of signal from
fluorescent spots to the signal of the scanned surface

Fig. 6. (Color online) Fluorescence intensity data from Cy5streptavidin spots on and off the device. (a) Fluorescence intensity
image of data obtained from the microarray scan. Device scanned
at 635 nm at a resolution of 5 m. The photonic crystal region is
labeled in addition to the line used to generate the image profile
that appears in (b). (b) Image profile of spots on and off device, with
the photonic crystal region labeled.

where no spots are present, is 1 order of magnitude
higher for the PC surface than for the area without a
surface structure; the SNR for fluorescence observed
on the PC structure is 83.7, while this ratio is only
eight times outside the grating structure. Although
the spot profile on the PC is not significantly different
than those spots off the PC, the spot present on the
PC has a diameter of 155 m, while the spots elsewhere have an average diameter of 130 m. This is
likely attributable to the fact that an aqueous solution can be retained between grating structures
rather than drying completely before spotting. When
the protein is spotted the added moisture promotes
the diffusion over greater distances than would be
seen on a flat layer of TiO2.
D.

Label-Free Detection of Analyte

By scanning the sensor with the LF detection imaging instrument before and after protein spotting,
a spatial map of PWV shifts can be obtained within
the resolution of the imaging spectrometer embedded in the instrument. The addition of 0.1 mg兾ml
streptavidin-Cy5 to the surface functionalized sensor resulted in a maximum PWV shift of 3.6 nm
(Fig. 7). The spot displays noticeable nonuniformity,
with the largest signal appearing at the center of the
spot and decreasing toward the edges. According to
20 April 2007 兾 Vol. 46, No. 12 兾 APPLIED OPTICS
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Fig. 7. Label-free detection data from Cy5-streptavidin spot on
the device surface. (a) PWV shift image obtained from subtracting
PWVs from a scan before spotting from those values from a scan
after spotting. (b) Image profile of PWV shift values for one row of
pixels through the center of the spot.

the LF scan, the spot has a diameter of 180 m,
which is considerably larger than the 155 m diameter observed in the fluorescence image. However, the
pixel size for the LF imaging instrument is 22.3 m,
as opposed to 5 m for the fluorescence intensity
measurement, so it would be expected that features
may appear larger during the LF scan.
5. Discussion

The structure designed and tested in this work is to
our knowledge the first demonstration of a 2D PC
that can simultaneously enhance the fluorescent signal from a standard dye and perform LF adsorption
detection on a single surface. Because this PC has a
unique period in two orthogonal directions, resonant
reflections can be obtained at two widely separated
wavelengths simply by modulating the polarization
of incident light. The fluorescence enhancement capabilities of this 2D PC structure, as measured by a
conventional fluorescence scanner, are superior to
previously demonstrated techniques on a microscope
slide format,3,21 yet this PC structure can perform LF
detection as well. The LF detection sensitivity, as
measured by the bulk refractive index shift coefficient, is only 20% lower than that of previously reported plastic-based 1D PC structures.17 The FWHM
of the LF resonance is also approximately four times
2358

APPLIED OPTICS 兾 Vol. 46, No. 12 兾 20 April 2007

wider, indicating that the LF detection of the 2D PC
may suffer from poorer PWV shift resolution. This
wider FWHM, however, is a result of tuning the design to achieve a larger FWHM in the EF resonance
and was a design compromise made to ensure protein
adsorption would not dramatically shift the entire EF
peak away from the target wavelength. Despite these
limitations, the LF detection assay performed in this
work illustrates that the adsorption of a large protein
to the glutaraldehyde surface chemistry produces a
significant shift (approximately 3 nm).
While this PC is adequate in demonstrating a combined EF and LF biosensor, the performance of the
device may be optimized further with regard to the
LF detection performance. While the PWV observed
experimentally with illumination of ELF polarized
light is nearly identical to that observed in simulation, the FWHM of the experimental peak is larger
than the simulated peak, even after peak splitting
(which is attributable to the slightly off-normal incidence of the illuminating light). In addition, the bulk
shift coefficient Sb is approximately 30% lower than
the simulated value. One factor that is likely responsible for the widening of the peak is the variation in
the period throughout the device; a small percentage
change of the period can lead to the PWV location
shifting by a few nanometers. Other likely factors
that may account for the discrepancy between simulated and experimental characteristics include an
underestimation of the sidewall thickness in the simulated structure, significant rounding observed in the
fabricated device, and deviations in the actual indices
of refraction of materials from simulated values. Some
of these issues may be resolved by decreasing the variation in period and employing a collimated deposition
system for addition of the dielectric layer.
The EF mode of operation, on the other hand, performed better than expected. The FWHM of the peak
during EEF illumination is less than 70% of the predicted value, although this can be attributed to the
split peak resulting from non-normal light incidence.
Unexpectedly, however, the fluorescence enhancement
is much higher than that predicted by simulation, even
including the non-normal incidence illumination condition. A fluorescence enhancement of 35 times is observed, as opposed to the predicted factor of 20 times.
Although the simulation is expected to provide only a
rough estimate of the real enhancement factor, it is
unlikely that this great increase in enhancement can
be explained solely by small deviations of the RCWA
model from reality. This increase in enhancement
could be explained by enhanced extraction of light
emitted by the fluorophores, as demonstrated previously in 2D PCs.22 However, no data in this work can
confirm or contradict this possibility, so it will be a
subject of future study.
Owing to the constraints of our current electronbeam lithography process, the size of the 2D PC produced in this work was only 1 mm ⫻ 1 mm, a suitable
size for only one or two protein spots. In future work,
however, we plan to utilize projection lithography to
produce a 2D PC silicon master of a large area to allow

incorporation of the structure into 1 in. ⫻ 3 in. microscope slides and 3 in. ⫻ 5 in. microplates. Adapting
the sensor to these formats will allow assays to be
carried out on multiple spots simultaneously. By
using the nanoreplica molding approach to fabrication,
the large-area PC structures can be produced inexpensively and attaching them to the glass slides and microplates currently used in life sciences research will
ensure they are compatible with commercial fluorescence scanners and LF detection instrumentation.
The 2D PC structure described in this work, as
with other previously demonstrated EF methodologies, has immediate applications in the field of DNA
and protein microarrays. Fluorescence enhancement
technologies have previously demonstrated lower
thresholds for gene expression detection and higher
SNRs than conventional microarrays.3,21 Because
this PC structure retains the EF capabilities while
allowing for independent LF measurements of adsorption, it is a more versatile tool than similar EF
techniques. The LF detection mode may be applied to
oligonucleotide or protein spots in the prehybridization stage of an experiment to map spot profiles, allowing for fluorescence independent measurements
for spot quality control; current methods of spot quality assessment rely on one or more extra labeling
steps and additional fluorescence measurements.23,24
Using both modes of this PC structure also enables
the correlation of fluorescent signals to quantitative
ligand densities as measured by LF detection, which
may assist in the comparison of the binding properties of spots containing different types of biomolecules.
This PC also has potential applications in the area
of cell-based assays, which are an emerging tool for
pharmaceutical drug compound screening because
they assess the impact compounds may have in vivo
more accurately than typical ligand-binding assays.25
Fluorescence imaging plate readers can be utilized
for assessments of cell ion channel function when
performing high-throughput screening for ion channeltargeting drugs26,27 and for measuring cardiotoxic responses to drugs in a high-throughput fashion.28 The
SNR (ratio of fluorescent molecule signal to background signal) of microplate fluorescence assays of
ion channel function (and for the presence of other
cell membrane proteins) can be improved dramatically by the incorporation of this PC surface in microplates since it enhances fluorescence only within
100–200 mm of the structure surface. The LF mode of
operation would simultaneously allow for an independent measurement of cell attachment to the PC
surface, which can be incorporated with fluorescence
measurements to further improve the SNR. LF cellbased assays have previously been demonstrated
with a PC biosensor to observe the cytotoxic effects of
compounds and to monitor the presence of specific
cell surface proteins.29 By incorporating these LF assays with fluorescence assays utilizing EF, one can
perform experiments to evaluate the effect of drug
compound candidates on cell function, particularly on

cell surface protein function and cell viability in a
highly sensitive fashion.
The design methodology utilized in this work is not
limited to designing combined enhanced fluorescence
and LF adsorption detection sensors but can also be
followed to create PC structures capable of promoting
EF at two distinct wavelengths. Because observation
of the EF phenomenon is dependent on the wavelength of resonant peaks, which can be adjusted by
modulation of a small number of PC dimensions, an
EF device can be made for any two fluorescent dyes.
The NIR resonant peak of the device used in this
work could be used for the EF of a dye fluorescing in
NIR wavelengths rather than LF adsorption detection if desired. Alternately, another PC could be designed to form a resonant peak at another visible
wavelength rather than at a NIR wavelength. Thus a
PC capable of enhancing fluorescence from both Cy5
and Cy3 dyes could be created to improve the sensitivity and SNR of standard dual dye DNA microarrays currently performed by many biologists.
6. Conclusion

A 2D PC surface structure has been designed and
fabricated for LF detection and enhanced fluorescence detection, where orthogonal light polarizations
are used to excite resonances corresponding to each of
the independent detection modalities that are designed to operate at different wavelengths. The 2D
PC resonance behavior, field enhancement, and LF
sensitivity were accurately predicted by a RCWA
computer model, and images of adsorbed biomolecule
spots were obtained by a conventional fluorescence
laser scanner and by a LF imaging instruement.
In a scaled-up format, enabled by the inexpensive
nanoreplica molding fabrication technique, this PC
structure is expected to find applications in genomics, proteomics, and cell-based assays.
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